In this study, the biosurfactant produced by Pseudomonas aeruginosa was evaluated in view of its ability to be used in Microbial-Enhanced Oil Recovery (MEOR). This microorganism was isolated from a soil artificially contaminated with crude oil and used to produce rhamnolipid using glycerol as the carbon source. The biosurfactant efficiently reduced water surface tension from 72 to 35.26 mN/m at its critical micelle concentration of 127 mg/L and emulsification rate (E 24 ) of 69% for the crude oil. Furthermore, it was demonstrated that the rhamnolipid can recover oil, even 2 months after its production, which shows that its biodegradability is not a disadvantage to the application in MEOR. The best result, for a biosurfactant concentration of 100% above the Critical Micelle Concentration (CMC) and petroleum with API gravity of 21.90, showed that the total recovery factor was 50.45 ± 0.79%, of which 11.91 ± 0.39% corresponds to MEOR.
Introduction
The global energy demand continues to grow and oil remains the main power source, which leads to its use in large proportions (Leder and Shapiro 2008; Najafi-Marghmaleki et al. 2018) . However, only a small part of the oil contained in the reservoir is able to be produced by implementation of conventional recovery methods. During primary recovery, which uses the natural energy of the reservoir, it is only possible to produce about 5 to 15% of the initial amount of hydrocarbon. Posterior to this step, methods such as water or gas injection are used as an attempt to increase the amount of recovered oil, characterizing the secondary recovery (Daghlian Sofla et al. 2016) . As a result of the implementation of these operations, still, only 30-50% of the oil present in the reservoir can be removed (Fernandes et al. 2016) , which require the utilization of enhanced oil recovery techniques (EOR) (Sen 2008; Brown 2010; Khajepour et al. 2014 ). Thus, the demand for more oil to be produced has been pushing for new technologies to be efficiently developed.
Among the technologies used in EOR, the use of operations to reduce interfacial tension by surfactants is implemented worldwide (Austad and Taugbøl 1995; Al-Wahaibi et al. 2014; Nabipour et al. 2017; Marhaendrajana et al. 2018) , because its ability to reduce the interfacial tension between water and oil allows the oil trapped in the pores of the reservoir by capillary forces to be recovered (Van Dyke et al. 1991; Pornsunthorntawee et al. 2008; Li et al. 2012; Guo et al. 2015; Zhang et al. 2015; Kumar and Mandal 2017) . However, to achieve a satisfactory result, high concentrations of surfactants are required (Sabatini et al. 2000; Fernandes et al. 2016) , which ultimately depends upon high costs for the use of chemical surfactants.
As an alternative, microbial-enhanced oil recovery (MEOR) is being used as a more cost-effective and ecofriendly strategy (Gao and Zekri 2011; Nazar et al. 2011; Pereira et al. 2013; Le et al. 2015; Safdel et al. 2017; Ke et al. 2018 ). This mechanism uses microorganisms, whether indigenous or exogenous, in the production of metabolites to increase oil recovery (Passman et al. 2013; Armstrong et al. 2015; Le et al. 2015; Jahanbani Veshareh et al. 2018) . The metabolites that can be used as surface agents (amphiphilic molecules), biosurfactants, are promising substances in the substitution of chemical surfactants and they can increase the lifespan of mature reservoirs (Sen 2008; Banat et al. 2010; Alvarez et al. 2015) .
Furthermore, the biosurfactants exhibit low toxicity and high biodegradability when compared to synthetic surfactants, making them an environmentally attractive alternative (Rosenberg and Ron 1999; Mohan et al. 2006) . However, its biodegradability can be considered a disadvantage, since it can impose strict limits on the time of its surface activity (Passman et al. 2013 ).
The Rhamnolipid is one of the most investigated biosurfactants employed in enhanced oil recovery Youssef et al. 2013; Amani 2015; Zhao et al. 2016) , due to its promising characteristics as surface agent and its emulsifying properties (Amani et al. 2013; Gudiña et al. 2015; Zhao et al. 2016) . It is the most effective biosurfactant regarding to the ability to reduce the water surface tension, as well as the oil-water interfacial tension Hörmann et al. 2010) , besides emulsifying the oil and, therefore, increase the trapped oil mobility (Zhao et al. 2016) .
Rhamnolipids are mainly produced by Pseudomonas aeruginosa (Hassan et al. 2016) and they have four known homologues, which are formed by one or two rhamnose units linked to one or two chains of fatty acids with eight to fourteen carbon atoms, which can be saturated or not Müller et al. 2010) .
Therefore, the present work evaluated the potential of oil recovery by rhamnolipid produced by a Pseudomonas aeruginosa strain isolated from an artificially contaminated soil. First, the biosurfactant produced was analyzed for its ability to reduce the water surface tension and to emulsify the crude oil, to evaluate its applicability as a surfactant in enhanced oil recovery. In addition, tests with different concentrations of rhamnolipid were carried out to evaluate the effectiveness of the biosurfactant in increasing the enhanced oil recovery (EOR) factor after conventional recovery. Finally, the influence of biodegradability on rhamnolipid ability to increase the amount of recovered oil was evaluated.
Materials and methods

Bacterial strain
Sites that are contaminated with oil and/or its derivatives carry a good source of biosurfactant producers, since these pollutants stimulate their metabolism and growth (Alvarez et al. 2015) . Thus, for rhamnolipid production, a strain of Pseudomonas aeruginosa was used, which was selected and isolated from a soil artificially contaminated with a solution of crude oil in diesel of 2.50 g/L and moistened with the mineral medium described by Robert et al. (1989) . The strain was isolated through the qualitative and quantitative media Acetamide Agar and Cetrimide Agar, respectively, which are both selective media for Pseudomonas aeruginosa.
Rhamnolipid production
Regarding the biosurfactant production, batches were carried out in the shaker at 200 rpm, a temperature of 30 °C for 10 days, and a pH of 7.3. The composition of the medium used for bacteria growth was optimized from previous experiments (125 g/L of glycerol, 3.86 g/L NaNO 3 , 0.5 g/L MgSO 4 .7H 2 O, 1.0 g/L K 2 HPO 4 and 0.5 g/L KH 2 PO 4 ). Then, the medium was sterilized at 121 °C and 1.25 atm for 15 min. As an inoculum, a 2% by weight peptone nutrient solution was used, which remained in shaker at 200 rpm and 30 °C for 24 h (Miguez et al. 2012) . After inoculation, the initial concentration of the medium remained at 15 mg/L of cells. The source of carbon used was glycerol, because it is a low-cost source, since it is a co-product of biodiesel production (De Faria et al. 2011; Sousa et al. 2012) .
After the fermentation period, the medium was centrifuged at 3500 rpm for 20 min. While determining the concentration of the crude biosurfactant (cell-free medium), it was subjected to necessary dilutions in distilled water for the oil recovery study.
Biosurfactant chemical analysis
The measurement of the rhamnolipid concentration was performed by colorimetric quantification in terms of rhamnose (Chandrasekaran and Bemiller 1980) . This method consisted in adding 1 mL of the sample, the cellfree medium, jointly with 4.5 mL of sulfuric acid solution (1.6 kg/L) and incubating for 10 min at 100 °C. After the solution reached room temperature, 0.1 mL of thioglycolic acid solution (5 g/L) was added, the mixture was homogenized and stored in the absence of light for 3 h. Finally, the reading on the visible UV spectrophotometer was made at λ = 400 nm and λ = 430 nm, since the reading at λ = 430 nm indicates the interference of another sugars.
For the characterization of the biosurfactant rhamnolipid, its critical micelle concentration (CMC) and its emulsion index (E 24 ) for the crude oil were determined.
The produced rhamnolipid was dissolved in distilled water down to various concentrations ranged from 50 to 260 mg/L. For each solution, the surface tension (ST, mN/m) was determined through the Phoenix ® tensiometer at 25 °C by the pendant drop method. The apparatus has a coupled image processing system, which allows the analysis of the curvature profile of each drop to determine the surface tension. In this way, the results were expressed through the mean of ten drops and standard errors were calculated (Song and Springer 1996) . For the CMC computation, a curve was used, which relates the surface tensions measured to their mentioned concentrations.
The same concentration range was used to determine the emulsification index (E 24 ). The procedure adopted was described by Cooper and Goldenberg (1987) and consisted on, in the case of crude oil, the addition of 2.0 mL of a hydrocarbon in 2 mL of crude rhamnolipid extract (cellfree supernatant), followed by vigorous shaking for 2 min and subsequent incubation at 25 °C for 24 h. E 24 (%) was defined as the percentage of the emulsion column height, as shown in Eq. 1:
Recovery trials
Preparation of the sandstone synthetic plug
The sandstone synthetic plug used in the recovery trials was prepared using sand from the Redinha beach (Natal/ RN, Brazil) and clay from the city of Lagoa dos Velhos/RN, Brazil. To be produced, a composition of 40% by mass of clay and 60% by mass of sand was used, setting the granulometry through the sieving in the (− 65 + 100) mesh range. The mixture was hydrated with water, then compacted at 200 kgf/cm 2 and, finally, sintered at 850 °C for 3 h (Costa et al. 2017) .
The porosity of the plug was determined through the capillary rise. In this method, the porous volume is obtained from the mass difference between the dry and wet plug, by approximating its base to a container with water. Then, the porosity value is estimated by dividing the porous volume, which corresponds to the volume of water that the plug (1) E 24 (%) = Emulsion height Total volume height × 100.
absorbed, by the total volume, calculated by the dimensions measured through a pachymeter. The value obtained was 20.49 ± 0.69%, which is consistent with the porosity of natural sandstones used in advanced recovery studies (Costa et al. 2017 ). The permeability value was calculated from the results of an experiment using the fluid injection system (Costa et al. 2017) , as shown in Fig. 1 . Herewith, the pressure and flow constants obtained along with the water viscosity, the length and the area of the straight section of the sandstone, were applied in Darcy's Law (Eq. 2) to obtain the permeability of each plug:
where k represents the absolute permeability of the porous medium (mD), q is the rate of fluid flow through the porous medium (cm 3 /s), µ is the viscosity of the fluid (cP), L is the length of the porous medium (cm), A is the cross-sectional area (cm 2 ), and ΔP is the pressure drop (atm). The permeability of the plugs produced for this work obtained an average value of 36.24 ± 1.88 mD. The deviation presented in this property is due to its sensitivity to the moisture present in the clay.
Brine
The saline solution used to simulate both the salinity present in a reservoir and the fluid injection in conventional recovery was composed of 2% (m/v) KCl and 0.2% (m/v) CaCl 2 , 
Petroleum
The oil used in the tests was collected from the Fazenda Belém Field (CE, Brazil). However, due to its classification as heavy oil (API gravity of 14), it was necessary to prepare three oil solutions, using S10 diesel as solvent, of 300, 400, and 500 g/L to suit the limitations of the experimental apparatus and the indication range of the use of surfactants, as well as to reproduce the viscosity of the petroleum simulating the reservoir conditions which indicate temperatures in the order of 60 °C. These solutions presented an API gravity of 30.34, 27.97, and 21.90. The first two can be classified as medium oils and the last as in the transition between medium and heavy, thus the viscosity of the mixture was adjusted to be properly adequate to the experimental apparatus.
Microbial-enhanced oil recovery (MEOR)
Recovery assays were performed in the same fluid injection system used to determine the porosity (Fig. 1) . The experiment occurred in four stages: saline saturation, oil saturation, conventional recovery, and enhanced recovery. The assays were performed in triplicate.
In the first step (saline saturation), the sandstone plug was saturated with the brine for 100 min at a flow rate of 1 mL/ min approximately. To do this, the mineral oil contained in the injection cell (c) propelled the saline solution through the holder (h), from the pressure given by the positive displacement pump (b). In the next step, the plug was saturated with the petroleum solution similar to the previous step, only changing the injected fluid. This step also lasted for 100 min and occurred at a flow rate of 1 mL/min.
In conventional recovery, the saline solution was again injected to recover the oil. This phase lasted for 85 min at an approximate flow rate of 0.7 mL/min and 20 samples were collected, which were then analyzed for the determination of the amount of oil. The advanced recovery stage differed only in the injected fluid, where 30% (165 mg/L) and 100% (254 mg/L) above CMC rhamnolipid solution concentrations were used, values defined in previous studies. Higher concentrations may cause the formation of emulsions, which makes difficult to separate oil from water in oil treatment units (Curbelo et al. 2013) .
The same procedure was used to evaluate the influence of biodegradability on the rhamnolipid ability to increase the recovered oil factor after conventional enhanced recovery. The biosurfactant at a concentration of 100% above CMC was incubated at 40 °C for 2 months. This period was chosen, because it is the average time required to observe the results of the injection of substances in a reservoir (Ke et al. 2018) . A 27.97°API medium oil was used to the experiment, also performed in triplicate.
Petroleum samples analysis
The quantification of the recovered oil during the conventional and advanced recovery experiments was performed from the addition of a fixed volume of kerosene to each collected sample, to allow its analysis in the spectrophotometer. The solution was then stirred and centrifuged to admit complete separation of the organic phase. Subsequently, readings were performed on the UV-visible spectrophotometer at 400.1 nm, to enable the calculation of the oil concentration of each sample from the calibration curve previously elaborated in the molecular absorption spectrophotometer 50 Conc Model.
Results
Critical micellar concentration
One of the variables able to determine the quality of a surfactant or biosurfactant is its CMC, which is the lowest concentration of surfactant needed to achieve the maximum reduction of surface tension . In this study, the rhamnolipid produced through Pseudomonas aeruginosa was able to reduce the surface tension of the supernatant to significant values. As shown in Fig. 2 , the surface tension decreased from 72 to 35.26 mN/m.
The produced biosurfactant CMC was 127 mg/L, which was obtained from the intersection of the linear adjustment curves of the points before and after the change in the system behavior (Fig. 2) . In general, in other studies, the rhamnolipid produced by Pseudomonas aeruginosa strains is able to reduce the surface tension of water from 72 to 30 mN/m considering a CMC in the ranging from 5 to 200 mg/L Fig. 2 Determination of the critical micellar concentration depending on the components present, since these bacteria are capable of producing four homologs of the compound (Desai and Banat 1997; Hörmann et al. 2010; Müller et al. 2010; Varjani and Upasani 2017) .
The temperature rise effect over the CMC up to 100 °C befalls in conditions that favor micellization, such as the hydration reduction of the hydrophilic group, as shown in other studies. Therefore, since the temperature conditions of the simulated reservoirs are over 60 °C, temperature variations can positively affect the oil recovery, since a higher micellization leads to a greater oil solubilization and facilitates its mobilization (Rosen 2004; Sousa et al. 2014 ).
Emulsification index
The emulsification efficiency of the rhamnolipid was evaluated through the computation of the emulsification index (E 24 ) ranging from 50 to 260 mg/L, at room temperature (30 °C). This procedure was adopted, because the ability to stabilize the emulsion is a function of the biosurfactant concentration (Cooper and Goldenberg 1987; Deepika et al. 2016) . Thus, the maximum emulsification index was 69% for crude oil, as shown in Fig. 3 . This result is consistent with other publications, which indicate an emulsion rate of 68% ) and 85% (Amani 2015) .
This ability allows the formation of oil-water emulsions, assisting the progress of the oil recovery. This is achievable due to the adsorption of the biosurfactant at the interface and consequent reduction of interfacial energy .
Therefore, the results attest that the rhamnolipid produced by Pseudomonas aeruginosa strain isolated from an artificially contaminated soil is able to reduce the surface tension of the water and has a good emulsifying capacity. These properties enable the biosurfactant to be an appropriate candidate for MEOR. It can also be observed that the ability to emulsify the oil depends on the surface tension. In Fig. 3, it is possible to verify that from approximately 125 mg/L the emulsion capacity of the rhamnolipid tends to stabilize and reaches 69%, its highest value, to a concentration in the order of 260 mg/L. This result validates the concentrations to be used in the MEOR assays. By making a linear fit between E 24 and Surface Tension (ST), Eq. 3 can be obtained, with an R 2 = 0.993 fit, showing that the emulsification rate and surface tension of the aqueous biosurfactant solution have a linear relationship:
Microbial-enhanced oil recovery (MEOR)
The correlation between the recovery factor (%) as a function of the injected porous volume (a dimensionless parameter) for 30% biosurfactant concentration above the CMC (i.e., 165 mg/L) and 100% above the CMC (i.e., 254 mg/L) is shown in Figs. 4 and 5, respectively. The recovery factor is the ratio between the volume of recovered oil and the original oil volume, since the injected porous volume is the (3) E 24 = 1.8 * (72.2 − ST). ratio of the volume of injected fluid to the porous volume of the rock. All experiments were carried out at room temperature (30 °C).
As shown in Figs. 4 and 5, with the initial injection of brine, the oil production increases with the increase of the injected porous volume, with stabilization occurring after approximately six porous volumes. It indicates that oil was no longer being recovered. Considering the four situations studied, the recovery factor did not exceed 42%, as shown in Table 1 . This result is in agreement with typical oil fields behavior, where 60% of the original oil remains trapped after conventional recovery (Khaledialidusti et al. 2017; Kumar and Mandal 2017) .
The interfacial tension between the oil and the water is reduced due to the injection of the biosurfactant, allowing the trapped oil to be extracted from the pores (Kumar and Mandal 2017) . In both cases, for both 30% and 100% above CMC, most of the extracted oil is obtained after four porous volumes of rhamnolipid injection. This fact is related to the greater amount of biosurfactant molecules distributed at the oil-water interface.
In general, the results are consistent with the values obtained in the previous studies. In tests performed with the rhamnolipid produced by P. aeruginosa SP4, a total recovery factor of 57.01 ± 0.58% was obtained using a biosurfactant concentration three times above CMC and in a compacted sand column system (Pornsunthorntawee et al. 2008) . For the biosurfactant produced by an Enterobacter cloacae strain and using a micromodel glass system, it was possible to obtain a total recovery factor of 50.5%, being 4.4% achieved after the injection of the microbial fermentation product (Khajepour et al. 2014) . Regarding the biosurfactant produced by Bacillus stearothermophilus SUCPM#14, it was possible to obtain an increment of 4.21% after tertiary recovery in samples from southern Iran outcrops (Sarafzadeh et al. 2014) . The biosurfactant produced by Bacillus mojavensis (PTCC 1696) was able to obtain a total recovery of 37.46% of which 6% corresponds to tertiary recovery in low-permeability dolomite cores (Ghojavand et al. 2012) . The partially purified biosurfactant produced by B. subtilis RI4914 was able to recover 40% of oil that remained in sandpacked columns after water flushing (Fernandes et al. 2016 ).
In addition, it can be observed that, for petroleum with the highest gravity API, a higher recovery factor was obtained during the injection of the saline solution. This can be explained by the fact that, in oils with higher viscosity or lower gravity API, the creation of preferential paths is favored due to the difference in mobility between oil and water (Thomas 2001) . The lower recovery factor for oils with lower API grade can also be explained by the formation of asphaltene aggregates and its consequent precipitation (Mozaffari et al. 2015) . This can lead to channel blocking and fluid flow limitation (Mozaffari et al. 2017) . In addition, these asphaltene arrangements can be adsorbed at the water-oil interface, causing different interface behaviors, which increase interfacial tension and make oil recovery difficult (Liu et al. 2017; Soleymanzadeh et al. 2018) .
Injection of rhamnolipid at a concentration of 100% above CMC practically doubles the recovery factor, when compared to a concentration of 30% above CMC, for all the studied oils. This fact is due to the higher amount of biosurfactant molecules present in the medium for the same injected porous volume.
The experiment conducted after 2 months of rhamnolipid production obtained a total recovery factor of 49.21 ± 0.39%, of which 9.25 ± 0.27% corresponds to the advanced recovery improved by microorganism. This result can be observed in Fig. 6 . Through a hypothesis test, with a significance level of 0.05 and assuming the normality of the data, it was observed that the value obtained after 2 months has a probability of 96.6% being equal to the first result. This demonstrates that the biodegradability of the bisurfactant is not a disadvantage for its application in MEOR.
This way, the rhamnolipid biosurfactant proved to be effective in increasing the recovered oil factor after the injection of brine (conventional recovery). Improved results are obtained when higher concentrations of biosurfactant are used. At first, the use of higher concentrations of surfactant may lead to low economic profitability, but the use of lowcost raw materials as a source of carbon for their production, such as glycerol, may reduce costs (De Faria et al. 2011; Sousa et al. 2012 ).
Conclusion
In this study, a strain of Pseudomonas aeruginosa isolated from a soil that was artificially contaminated by petroleum was able to produce a rhamnolipid biosurfactant with adequate characteristics to be used in the advanced recovery of petroleum. The surfactant produced was able to reduce the surface tension of the water to 35.26 mN/m and showed a good capacity of emulsification for the crude oil (emulsion rate of 69%). In addition, the ratio of the emulsion rate and the surface tension was shown.
The ability of biosurfactant to recover oil has also been demonstrated through six trials promoted with two concentrations of rhamnolipid, 30% and 100% above CMC, and two types of oil, API gravity of 30.34, 27.97, and 21.90. The best result was a total Recovery Factor of 50.45 ± 0.79%, of which 11.91 ± 0.39% corresponds to the advanced recovery improved by microorganism. This work demonstrates that the rhamnolipid can be efficiently used for MEOR applications, since it presented expressive results when compared with other biosurfactants including synthetic surfactants; in addition, its biodegradability did not prove to be a disadvantage.
